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Nanowire  arrays  present  an  excellent  candidate  for  high  performance  lithium-ion  battery  electrodes. 
However,  agglomeration  in  long  nanowire  arrays  impedes  nanowire-based  electrodes  from  delivering 
high  areal  capacity,  by  degrading  the  nanoscale  wires  to  micro-sized  bundles  and  reducing  the 
mechanical  stability.  In  this  study,  we  develop  a  simple  way  to  fabricate  three-dimensional  (3D)  nickel 
—tin  (Ni— Sn)  nanowire  networks  by  using  3D  porous  anodic  alumina  templates  synthesized  from  low- 
cost  impure  aluminum  foils.  By  eliminating  agglomeration,  stable  high  areal  capacity  anodes  are 
demonstrated  with  3D  self-supporting  Ni— Sn  nanowire  network  structures.  With  a  nanowire  length  of 
40  pm,  the  3D  Ni— Sn  nanowire  networks  can  deliver  an  areal  capacity  as  high  as  4.3  mAh  cm-2  with 
a  cycle  life  longer  than  50  cycles.  The  3D  Ni-Sn  nanowire  networks  also  exhibit  an  excellent  rate 
capability  with  72%  of  the  capacity  retained  when  the  test  rate  increases  from  C/5  to  6C. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  (Li-ion)  batteries  have  become  the  leading  energy 
source  for  various  applications  from  smartphones  and  laptops  to 
electric  vehicles  [1-4].  Recently,  there  has  been  tremendous 
interest  and  effort  in  using  nanowire  arrays  as  electrodes  for  high 
capacity  and  high  power  Li-ion  batteries.  There  are  many  advan¬ 
tages  to  using  nanowire  arrays  as  battery  electrodes  [5-8]:  (1)  the 
spaces  between  nanowires  provide  not  only  easy  access  of  elec¬ 
trolyte  to  active  materials  but  also  efficient  volume-change 
accommodation  during  the  charging/discharging  processes;  (2) 
the  large  specific  surface  area  and  the  small  diameter  of  nanowires 
facilitate  Li-ion  reaction  with  electrodes;  (3)  the  direct  connection 
of  nanowires  to  the  current  collector  allows  efficient  electron  flow 
after  electrons  being  generated,  which  eliminates  the  necessity  of 
binder  materials  or  conducting  additives  [9-13].  For  example, 
gravimetric  capacity  higher  than  1000  mAh  g-1  with  ~90% 
capacity  retention  over  100  cycles  has  been  recently  realized  by 
using  Si  nanowires  [14].  Despite  the  promising  improvements,  low 
mass  loading  of  active  materials  and  low  areal  capacity  still  limits 
straight  nanowire  arrays  as  battery  electrodes  [15-19].  The  areal 
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capacity  of  straight  nanowire  array  electrodes  could  potentially  be 
increased  by  increasing  the  length  of  the  nanowires  [20].  However, 
the  high  aspect  ratio  of  long  nanowires  leads  to  agglomeration, 
which  can  significantly  degrade  the  electrochemical  performance 
of  nanowire  array  electrodes  due  to  the  reduced  surface  area, 
blocked  Li-ion  diffusion,  and  the  increased  stress  in  the  agglomer¬ 
ated  nanowire  arrays. 

Nickel— tin  (Ni-Sn)  alloy  nanowires  have  been  widely  studied  as 
potential  superior  anode  material  due  to  the  high  capacity  of  Ni-Sn 
alloy  and  the  easy  fabrication  process  [21,22].  Recently,  we  showed 
that  the  structural  stability  and  electrochemical  performance  of 
Ni-Sn  nanowire  array  electrode  can  be  significantly  improved  by 
creating  nanosized  active/inactive  interfaces  at  roots  of  nanowires 
to  reduce  the  strain  mismatch  between  active  and  inactive  mate¬ 
rials  [23].  To  further  the  development  of  high  areal  capacity  Ni— Sn 
nanowire  electrodes  using  longer  Ni— Sn  nanowires,  a  big  chal¬ 
lenge,  agglomeration,  is  unavoidable.  In  this  work,  we  focus  on  two 
objectives:  (1 )  understanding  the  effect  of  nanowire  agglomeration 
on  Li-ion  battery  performance  by  systematically  investigating  the 
electrochemical  performance  of  straight  Ni-Sn  nanowire  arrays 
with  different  lengths  and  (2)  constructing  three-dimensional  (3D) 
self-supporting  Ni-Sn  nanowire  network  electrodes  to  mitigate 
agglomeration  based  on  our  recently-developed  3D  PAA  template 
technique  [24].  We  found  that  although  the  electrochemical 
performance  of  straight  nanowire  array  electrodes  degrades  as  the 
nanowire  length  increases,  the  electrochemical  performance  of  the 
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3D  Ni-Sn  nanowire  network  electrodes  are  length-independent, 
which  is  attributed  to  their  capability  to  mitigate  agglomeration. 

2.  Experimental 

2.1.  Sample  preparation 

The  PAA  templates  were  prepared  by  anodizing  Al  sheets  in 
phosphoric  acid.  The  conventional  PAA  templates  with  straight 
nanochannels  were  synthesized  by  anodizing  high-purity 
(99.999%)  Al  sheets  at  180  V  in  0.3  M  phosphoric  acid  for  72  h 
at  -3  °C,  followed  by  channel  widening  in  3  wt.%  phosphoric  acid 
at  45  °C  for  3  h  15  min  [25].  The  resulting  PAA  template  has 
channels  with  diameters  of  —  250  nm  and  an  interchannel 
distance  of  -480  nm.  The  3D  PAA  templates  with  nano¬ 
indentations  along  the  nanochannels  were  synthesized  by  anod¬ 
izing  commercial  low-purity  1000  series  (99%  purity,  McMaster 
9060K16)  Al  sheets  at  170  V  in  0.3  M  phosphoric  acid  for  72  h  at 
5  °C,  followed  by  channel  widening  in  3  wt.%  phosphoric  acid  at 
45  °C  for  2  h  [24].  The  resulting  3D  PAA  template  has  channels 
with  diameters  of  —  240  nm  and  an  interchannel  distance  of 
-460  nm.  The  characteristic  size  of  the  indentations  in  the 
nanochannels  is  —  80  nm. 

A  two-step  electrochemical  deposition  process  was  used  to 
grow  both  straight  Ni-Sn  nanowire  arrays  and  3D  Ni-Sn  nano¬ 
wire  networks  on  Cu  current  collectors,  which  controls  nanosized 


inactive/active  interfaces  by  the  growth  of  short  Cu  nanowires  on 
the  current  collector  before  Ni-Sn  electroplating  (see  Fig.  S5  for 
illustration  of  the  setup)  [23].  The  first  step  is  to  electrodeposit 
short  Cu  nanorods  to  bond  the  PAA  template  onto  the  Cu 
substrate  (current  collector).  A  sandwich  structure  that  stacks  the 
substrate  (Cu  current  collector),  PAA  template,  filter  paper  satu¬ 
rated  with  electrolyte,  and  counter-electrode  in  sequence  was 
used  in  this  step.  A  constant  voltage  of  0.8  V  was  applied  between 
the  Cu  substrate  and  the  counter-electrode  for  10  min  to  grow 
short  nanorods,  which  serve  as  “nanoscrews”  to  bond  the  PAA 
template  onto  the  Cu  substrate.  The  electrolyte  consists  of  6  g  IT1 
cupric  pyrophosphate  (CU2P2O7XH2O;  Sigma-Aldrich  344699), 
25  g  IT1  potassium  pyrophosphate  (K4P2O7,  Sigma-Aldrich 
322431),  and  2gL  1  ammonium  citrate  (C6H17N3O7,  Fluka 
09831)  [26].  In  the  second  electrodeposition  step,  Ni-Sn  nano¬ 
wires  were  synthesized  by  co-depositing  Sn  and  Ni  in  a  three- 
electrode  glass  cell  at  -1  V  (vs.  Ag/AgCl  reference  electrode) 
with  the  Cu  substrate  bonded  with  the  PAA  template  as  working 
electrode  and  a  Pt  coil  as  the  counter-electrode.  The  electrolyte 
consists  of  17.82  gL-1  NiCl2  -6H20,  39.4  gL-1  SnCl2-2H20, 
165.15  gL-1  K4P2O7,  and  9.38  gL-1  glycine,  with  an  addition  of 
NFI4OH  5mLL-1  for  pFI  value  control  [21,27].  The  potentiostatic 
deposition  was  performed  on  a  CHI  760c  electrochemical  work 
station.  Finally,  the  Ni-Sn  nanowire  samples  were  immersed  in 
1  M  NaOH  solution  to  dissolve  the  PAA  templates  and  cleaned 
with  deionized  water.  The  composition  of  both  Ni-Sn  nanowire 
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Fig.  1.  Top-view  FE-SEM  micrographs  of  straight  Ni-Sn  nanowire  arrays  with  lengths  of  A)  5  pm,  B)  20  pm,  and  C)  40  pm.  One  agglomerated  nanowire  bundle  is  circled  in  red  in  C). 
D)  Areal  capacity  and  E)  gravimetric  capacity  of  Ni-Sn  straight  nanowires  with  different  lengths.  The  test  rate  is  set  at  C/5.  (For  interpretation  of  the  references  to  color  in  this  figure 
legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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arrays  and  3D  Ni-Sn  nanowire  networks  are  similar,  with 
around  87  wt.%  Sn,  using  this  two-step  electrochemical  deposi¬ 
tion  process. 

2.2.  Structure  characterizations 

The  field  emission  scanning  electron  microscope  (FE-SEM,  JEOL 
JSM-7401F)  was  employed  to  study  the  morphology  of  the  Ni-Sn 
nanowires.  Cross-sectional  images  of  nanowires  were  taken  by 
tearing  the  samples  apart  and  mounting  them  on  a  tilted  SEM  stage. 
An  X-ray  diffraction  spectrometer  (Scintag  PAD5)  with  Cu  Ka 
radiation  (1.54056  A)  was  used  to  record  the  XRD  patterns. 

2.3.  Electrochemical  characterizations 

The  as-prepared  Ni-Sn  nanowire  samples  were  tested  in  an 
electrolyte  containing  1  M  LiPF6  in  ethylene  carbonate  (EC)/ 
dimethyl  carbonate  (DMC)  (1:1  volume  ratio,  Aldrich),  with  Li  foil 
(Alfa  Aesar)  as  counter-electrode.  The  CR2032  coin-type  cells 
were  assembled  in  an  argon-filled  glove  box  system  (Vacuum 
Atmosphere  Nexus  model)  and  tested  with  a  computer  con¬ 
trolled  potentiostats/galvanostats  system  (MTI,  5VlmA).  The 
discharge-charge  experiments  were  performed  galvanostatically 
within  the  voltage  window  of  0.01-1.5  V  (vs.  Li/Li+).  The 


gravimetric  capacity  is  calculated  with  respect  to  the  mass  of  the 
Ni— Sn  alloy. 

3.  Results  and  discussion 

3.1.  Performance  degradation  of  straight  Ni-Sn  nanowire  arrays 

To  study  the  effects  of  agglomeration  on  the  electrochemical 
performance  of  straight  Ni-Sn  nanowire  array  electrodes,  straight 
Ni-Sn  nanowire  arrays  were  fabricated  by  electrodeposition  of 
intermetallic  Ni-Sn  into  conventional  porous  anodic  alumina  (PAA) 
templates  with  straight  nanochannels  [28-31],  followed  by  dis¬ 
solving  the  PAA  templates  in  a  NaOH  solution  (see  Experimental 
section  for  details).  The  high  surface  tension  of  water  causes 
agglomeration  of  nanowires  when  the  nanowires  are  released  and 
dried.  Fig.  1A-C  shows  top-view  field  emission  scanning  electron 
microscope  (FE-SEM)  micrographs  of  Ni— Sn  nanowire  arrays  with 
lengths  of  5  pm,  20  pm,  and  40  pm.  Clearly  the  nanowires 
agglomerated  into  micron-size  bundles.  More  severe  agglomera¬ 
tion  is  observed  in  longer  nanowire  arrays  due  to  their  higher 
aspect  ratio  and  lower  stiffness.  The  average  diameters  of  the 
agglomerated  nanowire  bundles  increase  from  1.5  pm  to  19  pm 
when  the  nanowire  length  increases  from  5  pm  to  40  pm.  Appar¬ 
ently,  more  nanowires  are  in  contact  with  one  another  in  larger 


Fig.  2.  A)  Schematic  of  an  agglomerated  nanowire  bundle.  B)  The  clamped  beam  model  used  to  study  the  stress  in  a  bent  nanowire  and  the  principal  stress  contours  at  the  root  of 
a  nanowire.  The  colors  from  red  to  blue  correspond  to  stress  concentrations  from  highest  to  lowest.  Cross-sectional  FE-SEM  micrographs  of  Ni-Sn  nanowire  bundles  with  nanowire 
lengths  of  C)  20  pm  and  D)  40  pm.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


M.  Tian  et  al.  /  Journal  of  Power  Sources  211  (2012)  46-51 


49 


Table  1 

Agglomeration-induced  inclination  of  nanowire  arrays. 


h/pm 

a/pm 

b/ pm 

a/° 

5 

1.5 

0.85 

3.7 

20 

6 

2.3 

5.3 

25 

9.5 

4 

6.3 

40 

19 

5 

10 

agglomerated  nanowire  bundles,  which  results  in  larger  surface 
area  loss  in  longer  nanowire  arrays. 

In  Fig.  ID,  areal  discharging  capacities  of  Ni-Sn  nanowire  arrays 
with  different  nanowire  lengths  are  compared.  In  general,  the  areal 
capacity  of  Ni-Sn  nanowire  array  electrodes  increases  when  the 
nanowire  length  increases,  due  to  the  mass-loading  increase  of  the 
active  material.  The  40-pm-long  Ni-Sn  nanowire  electrode  can 
deliver  a  reversible  areal  capacity  as  high  as  2.8  mAh  cm-2,  which  is 
6.2  times  that  of  the  Ni— Sn  film  reported  by  Hassoun  et  al.  [32] 
(0.45  mAh  cm-2)  and  10.4  times  that  of  the  5-pm-long  Ni-Sn 
nanowires  (0.27  mAh  cnrr2).  This  observation  confirms  that 
longer  Ni-Sn  nanowires  can  increase  the  areal  capacity  of  nano¬ 
wire  array  electrodes. 

However,  because  of  the  agglomeration  of  straight  nanowire 
arrays,  the  gravimetric  capacity  and  the  cycle  life  of  the  electrodes 
degrade  significantly  when  the  nanowire  length  increases,  as 
shown  in  Fig.  IE.  The  gravimetric  capacity  of  the  Ni— Sn  nanowire 


electrodes  decreases  from  ~470  mAhg-1  to  ~300  mAhg-1  when 
the  nanowire  length  increases  from  5  pm  to  40  pm.  The  stability  of 
the  electrodes  also  decreases  when  the  nanowire  length  increases. 
The  5-pm-long  nanowire  electrode  lasted  over  50  cycles  with  92% 
of  the  second-cycle  capacity  retained,  while  the  40-pm-long 
nanowire  electrode  lasted  only  around  25  cycles  before  the  capacity 
dropped  dramatically.  The  loss  of  gravimetric  capacity  is  due  to  (1) 
the  limited  access  of  the  electrolyte  to  the  active  material  caused  by 
the  loss  of  surface  area,  and  (2)  the  long  Li-ion  diffusion  path  caused 
by  the  increase  of  the  nanowire  bundle  size. 

To  understand  the  mechanisms  underlying  the  degraded  cycle 
life  in  the  agglomerated  Ni— Sn  nanowires,  we  have  carefully 
examined  the  agglomerated  nanowire  bundles.  We  use  Fig.  2A  to 
illustrate  a  micro-sized  bundle  of  the  agglomerated  nanowires 
shown  in  Fig.  1 A-C.  The  cross  section  of  an  agglomerated  nanowire 
bundle  can  be  simplified  as  an  isosceles  trapezoid,  with  the  long 
base  a  (the  average  diameter  of  agglomerated  nanowire  bundle), 
the  height  h  (the  length  of  the  nanowires),  and  the  short  base  b  (the 
diameter  of  the  bundle  top  area).  The  inclination  angle  a  of  the 
nanowires  at  the  edge  of  bundles  can  be  approximated  as 
a  =  tan-1  [(a  -  b)/2h].  As  summarized  in  Table  1,  a  becomes  larger 
when  the  nanowire  length  increases.  If  we  think  of  a  nanowire  bent 
by  adhesion  as  a  clamped  beam  subjected  to  a  moment  M  at  its  free 
end,  M  is  proportional  to  the  inclination  a.  Clearly,  the  data  pre¬ 
sented  in  Table  1  indicate  that  longer  nanowires  are  subjected  to 
larger  bending  due  to  agglomeration.  In  general,  the  most  severe 


Fig.  3.  A)  Cross-sectional  FE-SEM  micrograph  of  a  3D  PAA  template.  B)  Top-view  and  C)  cross-sectional  FE-SEM  micrographs  of  a  20-pm-long  3D  Ni-Sn  nanowire  network.  Inset: 
higher  magnification  image  of  nanowires  with  the  scale  bar  indicating  1  pm.  D)  Gravimetric  capacities  of  3D  Ni-Sn  nanowire  networks  with  different  lengths.  E)  Areal  capacity  (at 
the  10th  cycle)  as  a  function  of  mass  loading  of  active  material  in  straight  Ni-Sn  nanowire  arrays  and  3D  Ni-Sn  nanowire  networks.  The  test  rate  is  set  at  C/5. 
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stress  concentration  occurs  at  the  root  of  a  bent  nanowire,  as 
demonstrated  in  the  finite-element  analysis  shown  in  Fig.  2B  (see 
Supporting  information  for  simulation  details).  The  principal  stress 
contour  shows  that  the  stress  concentrates  at  the  root  of  the 
nanowire  due  to  agglomeration-induced  bending.  Bear  in  mind 
that  the  stress  concentration  level  is  proportional  to  the  applied 
moment  in  linear  elastic  problems;  higher  stresses  are  concen¬ 
trated  at  the  root  of  longer  nanowires  due  to  agglomeration.  This 
mechanical  analysis  is  confirmed  by  the  micro-structural  analysis. 
In  Fig.  2C,  the  20-pm-long  Ni-Sn  nanowires  have  good  connections 
to  the  substrate  before  the  cycling  processes.  In  contrast,  in  the  40- 
pm-long  Ni— Sn  nanowire  sample  shown  in  Fig.  2D,  we  can  clearly 
observe  that  some  peeled  off  at  the  edge  of  the  micro-sized 
bundles,  which  experience  the  most  severe  mechanical  stress  due 
to  agglomeration.  Earlier  works  on  Ni— Sn  nanowire  array  elec¬ 
trodes  showed  that  reliable  electrical  connection  between  the 
nanowires  and  the  current  collector  is  one  of  the  keys  to  obtaining 
a  stable  electrode  [23,33].  The  mechanical  analysis  here  proves  that 
the  high  stress-induced  fatigue  at  the  interface  between  the  Ni-Sn 
nanowires  and  the  Cu  substrate  is  the  cause  of  the  shorter  cycle  life 
observed  in  the  longer  Ni— Sn  nanowire  arrays  [34]. 

In  short,  agglomeration  greatly  degrades  the  capacity  and  the 
cycle  life  of  straight  Ni— Sn  nanowire  arrays  when  the  nanowire 
length  increases,  by  degrading  the  nanoscale  wires  to  micro-sized 
bundles  and  reducing  the  mechanical  stability. 

3.2.  Performance  improvement  of  3D  Ni—Sn  nanowire  networks 

To  mitigate  the  serious  agglomeration  of  straight  Ni—Sn  nano¬ 
wire  arrays  and  to  improve  the  electrochemical  performance  of 
nanowire  electrodes,  in  this  study  we  propose  to  use  3D  Ni-Sn 
nanowire  networks  as  Li-ion  battery  electrodes.  We  use  a  process 
similar  to  the  synthesis  of  straight  nanowire  arrays  for  the  prepa¬ 
ration  of  3D  Ni-Sn  nanowire  networks,  but  with  unconventional 
PAA  templates  synthesized  using  low-cost  impure  Al  sheets.  Nano¬ 
indentations  in  nanochannels  of  PAA  templates  have  been  reported 
when  anodizing  low-purity  Al  sheets  and  are  regarded  as  defects 
[35,36].  In  this  study,  we  utilize  the  defect-containing  PAA 
templates  to  fabricate  3D  Ni—Sn  nanowire  networks.  To  distinguish 
them  from  the  conventional  PAA  templates  used  to  fabricate 
straight  nanowires,  we  call  these  defect-containing  PAA  templates 
synthesized  from  low-purity  Al  sheets  3D  PAA  templates.  Fig.  3A 
shows  the  cross-sectional  FE-SEM  micrograph  of  a  3D  PAA  template 
we  prepared  by  anodizing  a  99%  Al  sheet.  Beside  the  parallel 
nanochannels  with  diameters  of  ~  240  nm,  there  are  abundant 
nano-indentations  with  a  characteristic  size  of  ~  80  nm  on  the 
walls  of  the  straight  nanochannels.  Some  of  the  nanochannels  are 
even  connected  by  the  indentations,  as  indicated  by  an  arrow  in 
Fig.  3A.  Such  3D  PAA  templates  have  been  used  to  fabricate  3D 
Ni—Sn  nanowire  networks.  Fig.  3B  and  C  shows  top-view  and  cross- 
sectional  images  of  a  3D  Ni—Sn  nanowire  network  fabricated  by 
electrodepositing  Ni-Sn  alloy  in  a  3D  PAA  template  and  subse¬ 
quently  removing  the  template.  In  contrast  to  the  straight  Ni-Sn 
nanowire  arrays  shown  in  Fig.  1A— C,  the  3D  Ni-Sn  nanowires  are 
uniformly  spaced  as  shown  in  Fig.  3B,  which  clearly  demonstrates 
the  elimination  of  agglomeration.  We  note  that  3D  Ni—Sn  nanowire 
networks  with  different  nanowire  lengths  from  5  pm  to  40  pm  have 
similar  top-view  images.  In  Fig.  3C,  the  straight  vertical  nanowires 
are  clearly  connected  with  each  other  by  the  horizontal  “bridges” 
which  result  from  the  nano-indentations  in  the  3D  PAA  templates. 
These  bridges  not  only  stiffen  the  nanowire  network  structures  and 
prevent  agglomeration,  but  also  provide  connections  between 
nanowires  to  facilitate  the  electron  transport  in  the  electrodes  of  Li- 
ion  batteries  [33,37-40].  In  addition,  the  elimination  of  agglomer¬ 
ation  in  3D  Ni-Sn  nanowire  networks  releases  the  stress  at  the 


Table  2 

Mass  loading  of  active  material  in  Ni—Sn  nanowire  electrodes. 


Straight  nanowire  arrays 

3D  nanowire  networks 

Lengh/pm 

Mass  loading/mg  cm  2 

Length/pm 

Mass  loading/mg  cm  2 

5 

0.58 

5 

0.73 

20 

3.21 

20 

3.4 

25 

5.08 

25 

5.18 

40 

9.47 

40 

9.86 

roots  of  the  nanowires,  stabilizing  the  connection  of  the  nanowires 
to  the  current  collector. 

All  the  3D  Ni—Sn  nanowire  networks  with  different  nanowire 
lengths  from  5  pm  to  40  pm  deliver  similar  gravimetric  capacity 
with  similar  cycle  life  as  shown  in  Fig.  3D,  in  contrast  to  the 
dramatic  decrease  of  cycle  life  and  gravimetric  capacity  when 
increasing  the  nanowire  length  in  straight  Ni-Sn  nanowire  arrays 
(see  Fig.  S4  for  comparison  of  charge/discharge  curves).  Apparently, 
by  eliminating  agglomeration,  the  stress  concentration  at  the  roots 
of  the  nanowires  due  to  bending  has  been  effectively  released, 
which  improves  the  stability  of  the  nanowires.  High  gravimetric 
capacity  of  ~  450  mAh  g-1  is  retained  in  3D  Ni—Sn  nanowire 
networks  even  when  the  nanowire  length  is  increased  to  40  pm. 
This  improvement  mainly  comes  from  the  preservation  of  the  large 
specific  surface  area  and  the  short  Li-ion  diffusion  path  in  long 
nanowire  networks  [41  ].  The  retention  of  high  gravimetric  capacity 
in  long  3D  Ni—Sn  nanowire  networks  enables  the  realization  of 
high  areal  capacity  by  increasing  the  mass  loading  of  the  active 
material.  Fig.  3E  shows  that  the  areal  capacity  of  the  3D  Ni-Sn 
nanowire  networks  increases  almost  linearly  with  the  mass 
loading  of  active  material  (see  Table  2  for  the  mass  loadings  of 
nanowires  with  different  lengths).  In  contrast,  the  rate  of  the  areal 
capacity  increase  drops  when  the  mass  loading  is  increased  in  the 
straight  Ni-Sn  nanowire  array  electrodes.  For  example,  the  areal 
capacity  of  the  40-pm-long  3D  Ni-Sn  nanowire  network  is 
4.3  mAh  cm-2,  which  is  1.5  times  that  of  the  40-pm-long  straight 
Ni—Sn  nanowire  arrays  (2.8  mAh  cm-2),  although  the  mass  load¬ 
ings  are  similar  in  these  two  long  nanowire  samples. 

Besides  the  enhanced  capacity  and  much  longer  cycle  life,  the 
3D  Ni-Sn  nanowire  networks  also  show  much  better  rate  capa¬ 
bility  than  the  straight  nanowire  arrays,  as  shown  in  Fig.  4.  When 
increasing  the  test  rate  from  C/10  to  6C,  the  20-pm-long  straight 
Ni-Sn  nanowire  array  electrode  can  only  retain  15%  of  its  initial 


Cycle  number 


Fig.  4.  Areal  discharging  capacities  of  the  20-pm-long  straight  Ni-Sn  nanowire  array 
and  3D  Ni-Sn  nanowire  network  at  different  test  rates.  Inset:  normalized  capacity  vs. 
test  rate. 
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capacity.  In  contrast,  the  20-pm-long  3D  Ni-Sn  nanowire  network 
electrode  can  keep  72%  of  its  initial  capacity.  The  excellent  rate 
capability  of  3D  Ni-Sn  nanowire  networks  is  a  result  of  fast  Li-ion 
transfer  to  the  electrode  due  to  the  stable  nanoscale  space  between 
nanowires,  fast  electrode  reactions  due  to  the  large  surface  area, 
and  the  short  Li-ion  diffusion  paths  due  to  the  small  diameters  [42]. 

4.  Conclusions 

In  summary,  we  have  systematically  studied  the  effect  of 
agglomeration  on  the  electrochemical  performance  of  straight 
Ni-Sn  nanowire  array  anodes.  Due  to  agglomeration,  the  gravi¬ 
metric  capacity  becomes  lower  and  the  cycle  life  becomes 
shorter  when  the  nanowire  length  increases  from  5  pm  to  40  pm 
in  straight  nanowire  array  anodes.  To  mitigate  the  agglomeration 
of  nanowire  arrays,  we  have  successfully  fabricated  3D  Ni-Sn 
nanowire  networks.  With  preservation  of  the  uniform  spacing 
between  nanowires  and  the  nanoscale  Li-ion  diffusion  paths,  we 
have  realized  linear  increase  of  areal  capacity  with  respect  to 
mass  loading  of  active  material  in  3D  Ni— Sn  nanowire  network 
electrodes.  The  cycle  life  of  the  3D  nanowire  network  electrodes 
has  been  prolonged  due  to  the  release  of  the  stress  at  the  roots  of 
the  self-supporting  nanowire  networks.  An  areal  capacity  as  high 
as  4.3  mAh  cm-2  has  been  demonstrated  in  the  3D  Ni-Sn 
nanowire  network  electrode  with  a  nanowire  length  of  40  pm, 
which  is  1.5  times  that  of  the  straight  nanowire  array  electrode 
with  the  same  length.  The  cycle  life  has  been  doubled  to  be 
longer  than  50  cycles.  In  addition,  the  3D  Ni-Sn  nanowire 
network  exhibits  an  excellent  rate  capability  with  72%  of  the 
capacity  retained  when  the  test  rate  increases  from  C/5  to  6C. 
This  research  paves  the  way  for  developing  on-chip  high  energy 
and  high  power  microbatteries. 
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